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INTRODUCTION

PURPOSE

This document describes shipboard environmental conditions and environmental
requirements to assist computer system acquisition managers in tailoring environmental
specifications effectively in their procurement documents. Environmental conditions
considered in this document include natural and induced levels of vibration, tempera-
ture, humidity, and shock. The environmental levels described are based on location of
the installation site on the ship and on the degree of mission criticality associated with
the equipment bring procured. The philosophy and empirical data underlying the envi-
ronmental levels required by military specifications are discussed, allowing acquisition
managers to select lower environmental levels should they choose to assume the addi-
tional risk. Tailored testing methods and mechanical design approaches and trade-offs
for modifying fragile equipment to protect it from harsh environments are also
addressed.

PAST EFFORTS

In the mid-1970s, the Naval Electronics Laboratory Center (NELC) conducted the
Telecommunications Equipment Low Cost Acquisition Method (TELCAM) program to
explore means of getting non-MIL-SPEC equipment on board Navy ships for non-
mission-critical applications. Assuming only non-mission-critical applications were of
interest, the results of that program would only need be updated to reflect the differ-
ences in today's ship construction methods and to compartmentalize specifications.

Earlier U. S. Navy Electronics Laboratory (NEL) programs collected shipboard envi-
ronmental data to determine what changes were needed in the environmental standards
of that time. Those data, when corrected for differences in ship construction, provided
considerable information for this documeunt. The information can be applied as appro-
priate to all degrees of mission criticality.

In the intervening years, the author worked with the Navy Printing Office to make
minimum modifications to various commercial electrostatic copiers and qualify them
for shipboard use. These items were purchased under reduced environmental specifica-
tions with the understanding that they could be allowed to fail without seriously com-
promising the mission of the ship.

Earlier environmental definition efforts were directed to areas on Navy ships where
electronic equipment might be installed or where spare parts might be stored. Past and
recent efforts at tailoring environmental requirements have tended to assume, errone-
ously, that computer equipment would be installed in only the most benign of such
areas. Actually, installation sites for today’s computer systems range more widely




about the ship than ever, due to the compactness of the equipment, the breadth of its
utility, and the relatively low cost of off-the-shelf and ruggedized equipment. Store-
keepers are now using database programs on microcomputers, word processors are
found wherever typewriters used to be located, and computers are now found even in
engine control spaces. Clearly, it cannot be safely assumed that a typical installation
site is a classical combat information center computer-roor environment.

TAILORING APPROACH OF THIS DOCUMENT

Lessons learned from earlier tailoring approaches have demonstrated that the keys
to effective tailoring are based on (1) understanding environmental conditions and .
requirements, (2) accurate identification of the range of actual installation sites for a
specific equipment, and (3) definitive assessment of the criticality of its applications.
With this information, an acquisition manager can make an informed assessment of
the risks and benefits of specific reductions in environmental requirements. To provide
this information, existing data were evaluated and extrapolated for its applicability to
present and future Navy ships. Areas where data are sparse or missing are highlighted.
A few revolutionary new types of platforms, such as surface effect ships, have come
into existence since carlier data were collected. These new types of platforms cannot
be covered accurately by the data availatle. However, the available published data are
generally adequate to directly define the environmental characteristics of the great
majority of present day and planned Navy combatant and combat support ships.

Much directly applicable vibration data are readily available. Many measurement
programs have been undertaken to ensure that vibration levels used in design and
qualification of new systems are not exceeded in the actual working installation. For
example, vibration measurements were made in the After VLS Compartment of the
USS Mobile Bay (CG 53), which was one of the first Vertical Launch System (VLS)
equipped ships, to determine levels to be used in qualification testing of the Vertical
Launch ASROC (VLA). Many reports on similar activities provided data for the vibra-
tion section of this document. Although some of these data may be old, they are still
directly applicable (with appropriate scaling when necessary) to modern ships with
turbine-screw drive, since the screw drive is the primary source of ship vibration.

Shipboard temperature and humidity environments depend to a large extent on the
conditions ambient to the ship. MIL-STD-210C provides good data on what can be
encountered, even providing statistics so the risk in selecting a certain level can be
assessed. In addition, the Navy measures temperature and humidity conditions in many
places about the world and maintains a computerized database that can be used to
validate the requirements of Navy spccifications. For example, in 1967 the computer
database was accessed for a particular Marsden Square in the South China Seas to
determine if MIL-E-16400 temperature requirements covered the conditions. NEL




personnel visited ships operating in the South China Sea and measured intake and
exhaust air temperatures. Using these measurements, transfer functions were calculated
to allow predictions of the interior temperatures of ships operating in the worst-case
high-temperature ambient environments.

Similar action could be taken for compartments that serve as installation sites for
specific computer equipments. Due to the increased power density of modern electron-
ics and the increased dependence on air conditioning, it is advisable to visit operating
ships in worst-case operational areas and gather updated transfer function information.
Unless the computer system is sufficiently non-mission-essential so it can be shut down
whenever air conditioning fails, these data would have to be gathered both with and
without operational air conditioning. This capability would provide the program
manager with adequate information for a realistic risk assessment.

Shock data are also readily available. Navy policy requires a shock trial of each
new class of combatant ships entering the Fleet. This document draws upon the
author’s experience with the ship shock instrumentation team from the David Taylor
Research Center, Underwater Explosions Research Division. On recent shock trials with
the team, the author managed the installation and operation of the shock instrumenta-
tion on the USS Kauffman (FFG 59) shock trials.

Direct involvement with shock measurement during ship shock trials brings about
an understanding of the interaction of the ship structure and the moving shock wave-
front. To successfully set the scales on the shock recorders, it is necessary to estimate
the magnitude of the accelerations that will occur. Knowing the planned severity of the
shocks makes estimating easy after the first shock has been recorded. But only those
who have developed skill in assessing local ships structural resonance succeed in
estimating levels for the first shock in the series. Along with the estimating capability
comes an improved appreciation for the damage that can be caused locally; it also
reveals misconceptions common in laboratory shock testing. For example, the use of a
stiff fixture in attaching equipment to a shock test machine does not provide a conser-
vative shock evaluation of the equipment. Presuming the equipment in service will be
mounted in a location having a resonant frequency lower than the test fixture fre-
quency (for example, about one-quarter of the test fixture frequency), the laboratory
test is both an undertest and an overtest at the same time. Knowing this, it is possible
to describe the shock environments for computer systems more accurately, and at the
same time, limit the higher frequency and higher G-level parts of the shock.

The remainder of this document provides program managers with detailed data on
the empirical basis for determining shipboard vibration, temperature, humidity, and
shock requirements. The explanation and guidance required to use this data effectively
is provided as an aid in tailoring environmental requirements to particular systems and
installation sites.




VIBRATION

SOURCES OF VIBRATION

Vibration on Navy ships is ever-present. Amplitudes are small at times, such as
when a ship is drydocked or is at pierside and taking its electrical power from shore
sources.

As long as a crew is assigned and living and working on board, electrical power
must be routed throughout the ship. Transformers are used all about the ship to con-
vert electrical power from the high voltage at which it is transmitted to the lower volt-
age at which it is consumed. The hum that can be heard in the proximity of these
transformers arises from mechanical vibrations of the laminations of the magnetic core
material. In addition to creating an audibie hum, mechanical vibrations of the magnetic
core are coupled directly into the bulkheads and decks around the transformers. These
mechanical vibrations in the ship’s structure are at a level that can be measured for
several feet around the transformers.

Fans, pumps, and compressors are constantly needed on ships for ventilation, air
chilling, sanitary flushing, fire fighting, hydraulic pressurization, and many other pur-
poses. To a large extent, these devices are driven by electrical motors that range in
size from minuscule to motors that consume hundreds of kilowatts. All motors and
their rotary loads are less than perfectly balanced, and they generate oscillatory forces
that cause vibrations, not only in the machines themselves, but in the nearby structure
of the ship. Even the air-borne sound created by these devices impinges on the nearby
structure of the ship and causes a vibratory response of the decks and bulkheads.
These vibrations also radiate out from their source machinery and become part of the
environment affecting equipment installed in the vicinity.

Vibration levels increase when the ship separates from shore utilities because the
ship’s electrical power generators must be put into operation as must other pressurizing
and pumping devices that provide utilities formerly taken from the shore. Vibration
levels throughout the ship vary roughly in direct relationship to the amount of machin-
ery in operation. When the ship is underway, and the main propulsion machinery is in
operation, the potential for high vibration levels is at its greatest because cf the enor-
mous power level inherent in propelling a ship.

When the ship is underway, the amount of machinery in operation will vary accord-
ing to the ship type and its mission. Combat operations will not necessarily cause a
maximum amount of the ship’s machinery to be placed in operation. For example, a
destroyer searching for submarines must operate quietly if it is to detect submarines,
and submarines must operate quietly to avoid detection. In addition to the amount of
operating machinery on a ship, the frequency content and the point of gensration of




the vibrations have much to do with the vibration level that exists at a particular ship-
board location. Finally, operation of the ship at high speeds or in rough seas creates
the highest vibration levels. This is because propulsive forces are greatest at high
speeds and because of the slamming and uneven screw loading when in rough seas.

EFFECT OF VIBRATION ON SHIP'S CREW

The sensitivity of the crew places a natural limit on vibration levels. Speeds or
maneuvers of the ship that create vibration levels beyond the comfort level of the crew
are normally avoided. Machines creating heavy vibrations or noise are operated only
when essential. Repairs are completed as soon as possible to bring the vibration levels
down to tolerable levels. Since the crew lives on the ship, vibration levels allowed are
considerably lower than is the case for aircraft or tank crews where exposure times are
generally much shorter.

Figures 1 through 5, taken from reference 1, and based on ISO Standard 2631,
clarify knowledge about the crew’s preference regarding vibrations. These figures dis-
play the lengths of time humans can tolerate vibrations at various directions, levels,
and frequencies, without decreased proficiency. Notice that the human body is very
sensitive to vibrations having frequencies between 1 and 8 Hz. For levels as low as 0.1
G, exposures should be limited to less than an hour. Human tolerance imposes a more
stringent limitation on shipboard vibrations than do mo-t itr.ns of installed equipment.
Vibrations must be kept at low levels, or humans must be isolated, if a ship is to be
an effective tool for period. of time greater than just a few hours.

Human tolerance of vibration may be the prime factor limiting vibration levels
noted during vibration measurement programs. Maneuvers and speeds causing higher
levels of vibration are considered harmful to the ship and its installed equipment. Such
maneuvers and speeds are to be avoided unless the importance of the event mandates
a risk of damage. If a ship generates excessive vibrations during normal operations,
the crew undoubtedly will insist that the problem be corrected.

Vibration measurements performed on the USS Chandler (DD 717) display how the
ship’s crew sensitivity to vibrations acts to limit vibration levels. An automatic environ-
mental data recording systein was installed on the ship to document temperature,
humidity, and vibration levels. The crew had been complaining of vibiation levels they
felt were higher than proper for continued good health of the ship. After a trip to a
shipyard, in which both screws were changed, vibration was reduced to a level that the
crew found acceptable. The before and after vibration levels, as recorded by the envi-
ronmental data system, disclosed a substantial reduction in vibrations at 4, 11, and
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* (From Harris, C. M., Shock and Vibration Handbook, 3d ed., New York: McGraw-Hill, Inc., 1988.
eproduced with permisizon of the publisher.)
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* (From Harris, C. M., Shock and Vibration Handbook, 34 ed., New York: McGraw-Hill, Inc., 1988,
eproduced with permisison of the publisher.)
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18 Hz (see figure 6). Note that, with the exception of 60 Hz, the before and after
vibrations were below the 0.1-G tolerance level. Figure 6 shows the peak vibrations
measured in the combat information center (CIC) on the ship in all directions, while
figure 7 displays peak levels measured on the mast. In figure 7, except 60 Hz, the
0.1-G tolerance level is exceeded at 4 Hz and 17 to 18 Hz. Changing the screws
reduced the 17- to 18-Hz vibrations to well below the 0.1-G level. Although the 4-Hz
vibration was still slightly above 0.1 G on the mast, it had been reduced from approxi-
mately 0.35 G to about 0.11 G. Because the mast is normally unmanned, its vibrations
were small enough to no longer worry the crew.

®* (PFrom Harrls, C. M., Shock and Vibration Handbook, 3d ed., New York: McGraw-Hill, Inc., 1988.
eproduced wilth permisison of the publisher.)
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EFFECT OF VIBRATION ON SHIP'S STRUCTURES

Vibration engineers like to say “All the world is a spring!” The expression is clear
if one thinks about how the earth responds to earthquakes. As earth’s tectonic plates
attempt to move with respect to one another, stresses are built up. When the stresses
reach a magnitude that the surrounding soil structure can no longer resist, sudden slip-
page of one surface relative to the. other relaxes the stresses, and oscillatory motion of
the area results. The tremors are coupled from one side of the earth to the other
directly through the liquid center, and laterally through the crust. Sensitive seismome-
ters located about the world nut only inform us that an earthquake has occurred some-
where, but can pinpoint the origin and magnitude of the motion. These motions are
propagated by the “springiness” of the earth.

Even though made of stiffer materiais than the earth, man-made structures such as
buildings, bridges, ships, and machines, respond to loadings similarly. Because man-
made structures are stiffer, response frequencies are higher than those of the earth
responding to an earthquake. A transient force applied to a ship at a point, for exam-
ple the thrust bearing on the main propulsion shaft, is propagated through the ship just
as the earth responds to an earthquake force. Energy from an exciting force is
absorbed into the ship’s structure as deformation of local structure and stored briefly
as potential energy. it is then released into surrounding structure at rates determined
by the spring characteristics of the structure. How far and at what magnitude the force
is transmitted depends on the mechanical impedance or mobility of the ship’s structure
and, if the force is repetitive, the repetition frequency.

The shape of a ship is dictated by many considerations other than its ability to
resist vibrations. The structure must be strong enough to withstand the rigors of going
to sea, and the hull must be slender for minimal drag. Also, vertical stiffness must be
great encugh to support all the machinery and structure directly above. One of the
most common ways to avoid stresses in a ship is to incorporate maximum flexibility in
the design. Consequently, a ship often is stiff longitudinally but flexible when subjected
to vertical and side-to-side force couples. In fact, many ships have built-in expansion
joints that serve to relieve high stresses that would otherwise result from vertical and
side-to-side force couples.

These natural and incended flexibilities limit the magnitude and frequency of vibra-
tions transmitted about the vhip. Fur example, the screws generate vibratory forces in
all directiony, but thi( se acting in the longitudinal or fore and aft direction are the
heaviest. Blades m the screws lose part of their bite momentarily as they pass the
stern post. As these forces are transmitted forward in the ship, the vertical and side-to-
side flexibiiity of the ship’s structure dissipate the forces more readily than does the
fore and aft stiffness of the structure.




EFFECT OF DISTANCE ON TRANSMISSION OF VIBRATIONS

Even though longitudinal stiffness of the ship is greater than side-to-side or vertical
stiffness, the large longitudinal dimensions of many ships limit the effective stiffness.
This thereby limits the magnitude and frequency of vibrations that are transmitted.
Vibration engineers sometimes use a factor termed “spring constant” to indicate how a
structure will behave under vibration or shock conditions. High structural spring con-
stants lead to high natural (resonant) frequencies and provide unamplified transmission
of vibration frequencies up to about 20 percent of the structural resonant frequency. -
Depending on the damping inherent in the structure, driving vibrations at frequencies
between 20 and 140 percent of the natural frequency will be amplified by as much as -
5 to 10 times the input. Above 140 percent of the natural frequency, the motion trans-
mitted is attenuated with respect to the driving motion due to the relative flexibility of
the structure.

An example of how the longitudinal natural frcquency of a ship is affected by
length, consider a hypothetical, single degree-of-freedom model of a ship whose longi-
tudinal cross-sectional area allows 0.01 millimeter of motion in a length of 10 meters
under a 5000-Newton force. Such a seciion of structure exhibits a spring constant of
500,000,000 Newtons per meter and, assuming a mass of 1876 kilograms, would
exhibit a natural frequency of about 70.7 Hz. Destroyers are often 100 meters or more
in length and could be represented by 10 of the above sections arranged in series.
When spring constants are loaded in series, the overall result is similar to loadigg re-
sistors in parallel; that is, 10 sections in series provide one tenth the spring constant.
Therefore, if a 10-meter-long section exhibits a 70.7-Hz resonance, 10 of these sections
arranged in series should exhibit a 22.4-Hz resonance since resonant frequency varies
directly with the square root of the spring constant. Reducing the spring constant by a
factor of 10 reduces the resonant frequency by the square root of 10, or 0.316 of its
original value.

Aircraft carriers sometimes reach 335 meters in length. Using the same reasoning
we used for the destroyer above, we would arrive at a longitudinal natural frequency of
12.2 Hz for the carrier. It should be noted that the values used here represent no spe-
cific ship or ship’s structure. They were chosen only to demonstrate how length affects
the magnitude and frequency content of transmitted vibratory forces. In fact, calcula-
tions indicate that a solid bar of steel 10 meters in length with the same cross-sectional
area but no mass loading would resonate at approximately 400 Hz. No practical ship
will have a structure that provides a resonant frequency nearly one-fifth that of solid
steel. Such a ship would have essentially no usable space inside, and it undoubtedly
would not provide sufficient buoyancy.




VIBRATION MEASUREMENT PROGRAM

The foregoing discussion should serve to explain how levels decrease with distance
from the generation point of vibration. In most cases, where vibrations were measured
on board operating ships, the highest levels were generated by the ships screws. In the
few instances when data were taken near the screws, levels similar to those specified
in MIL-STD-167 (reference 2) existed. On most ships, in the areas where electronic
equipment would likely be located, vibration levels seldom exceeded 0.1 G peak. Only
on aircraft carriers and small gunboats were levels measured that were larger. These
levels, though, seldom exceeded 0.2 G.

Local Vibration Transmission

With regard to the 60-Hz vibrations shown in figures 6 through 10, it should be
noted that figures 1 through 5 show that humans can tolerate 7 to 10 times the amount
of vibration amplitude in bands centered at 63 Hz than they can in bands centered at 8
Hz. In addition, based on the earlier discussion describing how shipboard structure
affects vibration transmission, it is clear that vibrations much above 30 Hz are gener-
ated locally. Such vibrations will not be transmitted far frem the point of generation.
For these reasons, vibrations above 30 Hz are not of great concern unless they occur
at amplitudes considerably greater than 0.1 G.

Measurement Locations

Figures 8, 9, and 10 show the pcak fore and aft, athwartship, and vertical vibra-
tions measured on approximately 20 ships representative of the Fleet during the Viet-
nam operations. These levels were measured in spaces on the ships in which electronic
equipment was located. Figute 11 shows vibration regions on the ship that were arbi-
trarily established for use in reporting the vibration data at various locations. Vibra-
tions were recorded on operating ships on a noninterference basis, and even though
considerable electronic equipment is located in the “masthead rg@ion,” mounting sen-
sors on masts would have interfered too greatly with ships operations, so “masthead
region” data are sparse. Sonar equipment is often located well forward in the “main
region,” but distance from the screws placed low priority on obtaining vibration meas-
urements in these areas. “Main region” data are, therefore, also sparse. Seldom was
any electronic equipment installed in the “after region.” Electronic spares, however,
were found stored in the Steering Ram Room on the USS Waddell (DDG 24) directly
beneath the After Steering Compartment, and just above the screws. Consequently,
vibrations were recorded in the room, and they proved to be some of the higher levels
of data recorded during the measurement program. But, by far, most of the measure-
ment locations were in what is shown in figure 11 as the “above main region.”
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Data Recording

Most of the data points were accumulated with manually operated recording sys-
tems (see references 3 and 4), and they recorded what the operators indicated were the
heavier vibrations during the period they were on the ship. Operator reaction time,
though, precluded recording some of the heavier vibrations, those that might have rep-
resented wartime damage conditions. For example, the Waddell, cruising just off Viet-
nam at good speed, ran across submerged fishing nets. The nets wrapped around the
Waddell’s shafts and screws, causing considerable unbalance. Violent vibrations were
felt throughout the ship. Before the data recorder could be energized, the bridge crew
stopped and reversed the shafts. This action cleared the nets from the screw and
stopped the vibrations before the recording system was able to document the levels.
With smooth operat.on restored, the Waddell then proceeded back to her course and
speed.

Subjectively, vibrations during this event were much heavier than those used in
qualifying equipment for use on Navy ships (MIL-STD-167, (reference 2)), but because
the ship was not under imm:diate \hreat and was able to take immediate corrective
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action, the problem was resolved quickly, so quickly in fact, that tape recordings docu-
menting the levels were not obtained. Had the destroyer been involved in resisting or
conducting hostilities, it may have been necessary to maincain the best speed possible,
with concomitant vibrations, for as much as several hours. All the installed equipment
would have then had to endure as best it could.

Additional Data Sources

Vibration data from the measurement program were combined with data reported
by many Navy sources to prepare a vibration profile for non-mission-critical shipboard
telecommunications equipment. A complete listing of the data sources is given as item
19 in NOSC TD 335 (reference S). Appropriate figures from that document are repro-
duced here as figures 12 through 19. Notice that even with the augmented sources of
data, reported vibrations had an upper limit of 0.2 G. On ships other than carriers and
gunboats, levels seldom exceeded 0.1 G. In compiling this data, all data attributed to
the response of installed equipment were rejected. Only those that described the ships
structural motion (e.g., the vibrations that would be input to equipment installed at that
point) were retained. For instance, all data reported for the USS Iwo Jima (LPH 2) in
NELC 1701 (reference 4) dealt with either the responses of installed medical equip-
ment or improperly secured gas bottles in the Aerology Compartment. Since these data
did not describe input vibrations that electronic equipment might normally have had to
endure, they were not given consideration in figures 8, 9 and 10. Almost all the
remaining reported measurements were made in locations on ships that fall within the
region of figure 11 labeled the “above main” region.

Gunboat and Carrier Variations

Why are vibration levels higher on gunboats and aircraft carriers? For one thing,
the gunboat is small, about 164 feet overall. It has about the same longitudinal section
stiffness as do larger ships, but the vibrations generated by its screws receive less
attenuation (due to distance) before reaching the “above main” region. Aircraft
carriers have four shaft and screw arrangements, staggered longitudinally as is neces-
sary to fit within the confines of the hull. This shortens the structural path for vibra-
tion transmission and adds to the probability of generating beat frequencies due to the
small speed differences of the shafts. Further, aircraft carriers often move at greater
speed than other surface ships in carrying on air operations. They expend considerably
more power in achieving and maintaining their speed through the water and could
reasonably be expected to generate larger vibrations.
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Hueristic Vibration-Level Formulae

The normal day-by-day vibration environment on most classes of surface ships can
be described in a simple mathematical relationship between peak vibration level and
the distance between installation location and the screws:

Voo L7
P=D-30)7 &)

where Vp = peak acceleration level at any frequency from 4 to 50 Hz, G
D = distance in feet from stern to the installation location

For aircraft carriers, a similar equation can be used:

Vp o 15 o
(% -7 2)

These levels are admittedly low, amounting to roughly one-tenth to one-fifth of the
usual shipboard vibration . *quirement as defined in MIL-STD-167 (reference 2). Any
equipment of practical value installed on the ship should operate without vibration
impairment at these levels. The vibration tolerance of equipment should rise in direct
relationship with the criticality of the equipment to the ship’s mission. MIL-STD-167
levels should be considered a generally accepted upper level. MIL-STD-167 does not
necessarily describe the highest levels that will ever occur. It merely describes an
arbitrary level above which the Navy accepts responsibility for operation of all installed
equipment. Unique applications often require vibration tolerance greatly exceeding
MIL-STD-167 levels. Examples of these are electronic control circuitry mounted directly
on diesels, gas turbine generators, hydraulic power supplies, or any noise-producing
machinery.

DETERMINATION OF VIBRATION REQUIREMENTS

Equipped with descriptions of the peak vibration levels, we need to address the
question of how long a period of time an item should be expected to endure a given
level of vibration. A well-designed piece of electronic equipment should certainly retain
all capabilities for at least 10 years after installation, and with development costs of
new systems what they are today, a 20-year service life is desirable. Of that 20-year
service life, the ship on which the equipment is installed is underway about 50 percent
of the time. That means that the equipment will experience the usual low-level vibra-
tion described above for a total of 10 vears. To make certain the equipment will not be
impaired or slowly degraded by long-term exposure to low-level vibration, it should be
exposed to vibration testing during the process of qualifying the equipment for ship-
board use. Obviously, it would be wise to have the vibration test match the service life
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in length so that results bear a one-to-one time correlation on what could be expected
in service. Equally obvious is the fact the vibration qualification test must be somewhat
shorter, even though it loses the confidence offered by a one-to-one time correlation.
How can the test time be shortened without abrogating validity of the results?

Equivalent Techniques

Fackler (reference 6) defines a good vibration test as one that fails equipment des-
tined to fail in service and will not fai! equipment that is satisfactory for service. He .
further states that this definition was found to be deceptively simple:

Several weaknesses exist in our ability to perform a good test. Most
are unavoidable. However, it is necessary to discuss them so that they
may be avoided to the largest extent possible. The primary weaknesses
result from a lack of adequate field data, the use of motion-control
test practices which ignore the interaction between equipment and
structure, attempts to write general specifications, and approaches used
to accelerate time.

Thus, our approach is technically weak in that we lack adequate data and cannot
properly account for the interaction between equipment and structure. But, in a general
way, we can describe the vibration environment on surface ships, and we can feel con-
fident that only great changes in propulsion methods or in vibration tolerance of the
crew members are likely to change our description appreciably. That leaves, then, only
the “approaches to accelerate time” with which to deal.

Approaches to Accelerate Time

Fackler (reference 6) discusses several of the methods currently used to affect com-
pression of the vibration test to the service life ratio. One way to abbreviate vibration
test time is to look at possible modes of failure and then aggravate the aspects of
vibration testing that tend to reveal those modes. One category of vibration failure
exhibited by many equipments is that of mechanical fatigue, either by breakage or
general loosening of major structural elements or nonstructural components such as
switch contacts or component lead wires. These failures are characterized by the fact
that the failure remains after the vibration stimulus is removed. A second category of
failure is one in which the failure disappears when the vibration stimulus is removed,
or sometimes, when it is reduced. Failures of this second category are not caused by
overstressed conditions, but by insufficient stiffness or clearance in the design of the
item under test. Both failure categories are sensitive to the amplitude of the vibration
stimulus, though they differ in that failures of the second category may never occur at
reduced vibration levels, while failures of the first category merely take longer to
appear.




To explore the possibility of shortening test time for disclosing weaknesses related
to fatigue failures, we can use the results of work done to determine how well alumi-
num and steel endure reversed bending. From published endurance data, we can easily
determine what amplitude of reversed bending stress is necessary to cause failure to
occur at 10,000 cycles rather than 500,000 (45,000 rather than 33,000 psi for mild
steel). Presuming fatigue failures in vibration are due mostly to reversed bending
stress, we have a method of shortening time available to us. We can raise the input
amplitude to the point where the item under test will receive in 2 hours the same
fatigue it would receive at lower vibration levels in 10 years on the ship. A vibration
test time and an amplitude can be specified that will bear a known relationship to the
service environment, and will, thereby, provide a known time compression. This is
essentially what MIL-STD-167 intends to accomplish in its endurance tests.

Hastening failures of the second category cannot be handled as directly as fatigue
failures. Amplitude-sensitive failures indicate improper design, and though they may
tend to occur at ever lower vibration amplitudes as fatigue is accumulated, they do not
bear a direct relationship to fatigue. Normally, it is considered satisfactory to simply
apply for a short time a somewhat higher input amplitude, ranging from 2 to 10 times
greater than is expected in the field, while watching for any undue response from the
item under test. The Variable Frequency Tests of MIL-STD-167 are directed toward
disclosing these types of failures.

RANDOM VIBRATION

Discussions of vibration thus far have been mostly in terms of sinusoidal, single-
frequency operations, both in describing the shipboard environment and the tests used
to qualify equipment for shipboard use. Now that random vibration measurement
equipment and techniques have become available, and vibration testing equipment can
generate controlled random vibrations, it is considered proper to specify and apply
random vibrations whenever possible. Ail vibration environments, even those we
attempt to make pure single-frequency environments, actually contain recognizable
amounts of energy at many frequencies. Some failures, particularly those that go away
when vibration is stopped, result from an equipment’s proclivity to respond at two or
more frequencies at the same time. This fact alone indicates the wisdom of requiring a
level of tolerance to random vibration and the use of a random vibration test in the
qualification process.

A ship is a random vibration generator. Vibrations generated by the screw predomi-
nate, but many other sources contribute to the vibrations existing at any location on
the ship. Motor-driven machines in the near vicinity provide vibrations near the funda-
mental and submultiples of the power line frequency. Fans and blowers produce pulsa-
tions at the passing frequency of their impellers. Gear trains (such as the massive
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main reduction gear) contribute vibrations at their tooth-meshing frequency. Ball bear-
ings create vibrations at ball rotating, race rotating, and multiple relations of these
element frequencies. Further, as the ship moves forward through the sea and rolls
from side to side, the depth of the screw varies. The thrust on the screw changes and
thereby the magnitude of the produced pulse and cavitation noise varies. The ship-
board-recorded analcg time-history in figure 20 shows the relative magnitudes of these
various vibrations as measured at one point. Clearly, all but the largest may be
ignored; usually the waveform created by the blades on the screw. Although vibrations
at other frequencies contribute to the recording, the major randomness in this wave-
form is a result of the magnitude of the vibration created by the screw. In the absence
of the other contributions, the vibrations created by the shaft and screw would be
“narrowband” random vibrations that vary only in amplitude. Of course, as the ship
changes speed, there is a change in the basic frequency of these vibrations so, over a
much longer time period than is normally used in quantifying random vibrations,
shipboard vibrations can be considered completely random.

in preparing a random-vibration description of the shipboard environment, data
mentioned above (from references 3 and 4, and other vibration measurement pro-
grams) were subjected to acceleration spectral density analysis. A total of 7524 analy-
ses were performed. Each analysis was drawn from fcur different time samples of
recorded shipboard vibration. Figures 21 through 24 show the predominance of the
blade passing frequency over other vibration sources. In the task discussed in NOSC
TR 558 (reference 7), emphasis was placed on developing a random vibration descrip-
tion of the shipboard environment for use in laboratory tests in which reliability of
equipment was being assessed. As is reported in reference 5, naval surface combatants
were separated into the following five categories based on functions provided by the
ships and by the missions often performed:

Category Ship Types
| PG, PGH, PHM
I CvV, CVN
m DE, DD, DDG, FF, CG, DD 963, etc.
v LCC, LHA, LSD, LPA, LKA, LST, etc.
\% Unlisted types, or more than one of the

above groupings
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Development of the desired spectral densities for reliatility testing is of interest but,
because usual levels were desired, an averaging process was used. This resulted in lev-
els considerably lower than those of interest in specifying what an item of shipboard
equipment must endure. Statistical approaches must be used to describe random vibra-
tion. The term “random vibration” indicates that magnitude varies randomly from one
period of time tu the next. However, we can gather a number of samples of the vibra-
tion, calculate statistics on magnitude and frequency, and give our description in statis-
tical terms. The term considered most informative is “acceleration spectral density”
(see figures 21 through 24) in which averages of vibration magnitudes at various fre-
quencies are shown. As is discussed in reference 8, the mathematics used to caiculate
acceleration spectral density provides valid estimates so long as the following con-
straints are observed: (1) the random process must be stationary; that is, the same
results must be obtained if the same sampling period is used but with the time origin
changed, and (2) the random process is ergodic; that is, each sample is representative
of the group. Obviously, a stationary condition is never totally present since machines
are not operated continuously. But we can limit our resulting description to that con-
figuration existing when the samples were taken. Assuming these constraints are met,
for our purposes, spectral density calculations are then valid for that configuration of
vibration generators. Confidence in the validity of the spectral density calculation
increases directly with the number of samples averaged. Each sample contributes two
statistical degrees of freedom (DOF) to the measurement of validity.

Acceleration spectral densities developed in reference 7 suffer from being averaged
too many ways to be other than just a passing interest here. Some of the recorded data
were biased toward the higher vibration levels found on the various ships visited, but
most of the recorded passages, particularly those from the unattended recor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>